Abstract The utilization of mesenchymal stem cells (also known as mesenchymal stromal cells (MSCs)) as a cellbased therapy for diseases that have ongoing inflammatory damage has become increasingly available. Our understanding of the cell biology of MSCs is still incomplete. However, as a result of increasing numbers of preclinical and clinical studies, general themes are emerging. The capacity of MSCs to reduce disease burden is largely associated with their ability to modulate the activity of the host immune responses rather than to contribute directly to tissue regeneration. As a result, they have significant potential in the treatment of chronic inflammatory disease regardless of the affected tissue. For example, MSC-based therapies have been developed in the context of diseases as diverse as rheumatoid arthritis and multiple sclerosis. Here, we discuss some of the principles that link these conditions and the aspects of MSC biology that contribute to their use as a therapy for chronic inflammatory conditions.
Introduction Properties of Mesenchymal Stem Cells
The early identification and characterization of mesenchymal stem cells depended on the development of differential adhesion and survival conditions for cultured bone marrow cells. With extended culture intervals of bone marrow-derived cells under select conditions, colonies of cells developed that appeared to contain multipotent, self-renewing cells with the capacity to differentiate into the different mesenchymal cell derivatives: fat, cartilage, and muscle depending on the culture conditions [1] . Whether these cells are a significant source of mesenchymal tissue replacement in the adult is unclear but seems unlikely. Mesenchymal stem cells are not restricted to bone marrow and may be equivalent to pericytes [2, 3] , which line the vasculature of most tissues. Indeed, mesenchymal stem cells (MSCs) for therapeutic purposes have been isolated from adipose and other highly vascularized tissue [2] . Several roles have been proposed for MSCs in bone marrow including that they contribute to the hematopoietic stem cell (HSC) niche by providing survival and mobilization cues to HSCs in response to environmental cues. A major confounding factor in developing a clear understanding of normal MSC biology has been the lack of a single definitive marker to isolate and identify these cells in vivo, although combinations of surface markers have been defined. A consensus statement from the International Society for cellular therapy established the following minimal criteria as defining mesenchymal stromal cells: (1) a cell population adherent to standard tissue culture plastic; (2) expression of the cell surface epitopes CD105, CD90, and CD73; (3) lack of expression of the cell surface epitopes CD45, CD11b, CD34, and Cd14; and (4) ability to differentiate into osteoblasts, adipocytes, and chondrocytes under suitable culture conditions [4] . The lack of definitive markers for MSCs has not hindered the application of these cells to the clinic. Because of the relative ease of their availability, the refinement of growth conditions, and the ability in chronic diseases to use autologous rather than allogeneic cells for infusion, MSCs have moved rapidly from the laboratory to the clinic, and there are a large number of ongoing MSC clinical trials in a wide range of different disease conditions [5, 6] .
The biology of MSCs is complicated. Perhaps more than most other cell types, they have the potential to express an extremely broad array of growth factors and cytokines [5] . These include both anti-inflammatory as well as proinflammatory cytokines and a spectrum of chemokines and growth factors such as fibroblast growth factors (FGFs), hepatocyte growth factor (HGF), and various neurotrophins such as brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF). The precise spectrum of signaling molecules expressed by MSCs appears to depend on their environment, and as a result, MSCs are able to respond to an extensive array of different environmental cues. Several lines of evidence suggest that MSCs are relatively immune privileged. They express relatively low levels of major histocompatibility antigens (MHCs) [7] and survive longer when transplanted to an allogeneic host than most other cell types [8] . The capacity of MSCs to detect changes in their environment is mediated through an extensive array of receptors for signaling molecules.
Although the biology of endogenous MSCs is still not clearly understood, an emerging concept is that these cells contribute to the stem cell niche in multiple tissues and orchestrate responses to tissue injury. Many of the insights into MSC function have come from analyses of their ability to modulate disease progression in a variety of conditions [6, 9, 10] . Here, we discuss two chronic conditions: rheumatoid arthritis (RA) and multiple sclerosis. While each of these diseases affects different tissue targets, they share a number of important characteristics. Both conditions are characterized by chronic inflammation and local tissue destruction. In both conditions, the initial trigger for the disease is not clearly defined, although considerable evidence supports a central role for T cells in driving disease pathology. Finally, in both diseases, experimental data suggest that treatment with MSCs may contribute to augmentation of suppression of immunological attack as well as contribute to tissue repair.
Application of MSCs to the Treatment of Rheumatoid Arthritis
RA is a chronic inflammatory disease that affects the joints [11] . This inflammatory response results in tissue damage and secondary progressive inflammation that result in damage or loss to different tissues including cartilage and bone [11] . The stimulus that initiates the immune attack in RA is not well defined [12] and may be antigenically restricted; however, there is evidence that as the disease progresses, the spectrum of immunogenic epitopes spreads or increases and the exposure to additional epitopes contributes to ongoing disease. While multiple cell types including neutrophils, macrophages, and fibroblast-like synoviocytes (FLSs) contribute to tissue damage, several lines of evidence suggest that T cells are the major effectors of disease in RA [12] . Large numbers of T cells, of which the majority have a Th1 phenotype [13] , are found in inflamed joints and are recruited through the local expression of an array of cytokines and chemokines. The infiltrating T cells are thought to stimulate other immune cells including mononuclear cells, macrophages, and FLS that contribute to further tissue damage.
Multiple pro-inflammatory cytokines are elevated in RA [14] including tumor necrosis factor alpha (TNFα) [15] , which plays a major role in disease pathogenesis. Indeed, anti-TNFα treatments have demonstrated significant benefit in reducing inflammation in RA patients [14] , and neutralizing TNFα with humanized antibodies reduces disease progression [16, 17] .
RA represents an interesting target for the application of MSCs.
MSCs are highly immunomodulatory and can inhibit the proliferation and activation of a variety of immune cells including T cells [18] , which are thought to be major drivers of tissue damage and disease pathology in RA [12] . Several studies have shown that MSCs can modulate T cells in animal models of RA and can improve clinical recovery [19, 20•, 21] . Systemically transplanting MSCs into rodents with the collagen-induced arthritic (CIA) model of RA leads to a decrease in the number of circulating Th1-polarized T cells and an increase in the number of Th2-polarized regulatory T cells [19, 20•, 21] . This modulation of T cells by MSCs in CIA mice is paralleled by improvements in tissue integrity and clinical recovery [20•, 21] . How MSCs might influence other types of immune cells such as macrophages or FLS in CIA is unclear, but these studies demonstrate that MSCs can improve recovery in animal models of RA by apparently modulating T cells and the immune response.
Not only are MSCs immunoregulatory and thus able to influence the pathogenic process but they may also be capable of differentiating into cells of the tissues damaged by the disease (such as bone and cartilage) and could thereby directly contribute to tissue regeneration. As a result, several studies have attempted to deliver MSCs directly into the damaged area with the hope that they will directly facilitate repair. It seems likely that in order for such an approach to be effective, the transplanted MSCs have to be retained in the location of the inflamed joint. One approach that has been effective in animal models is to use a scaffold composed of biodegradable nanofibers to localize MSCs [22, 23•] . Such an approach results in greater retention of the cells in the target joint and reduction in the inflammatory response [23•] , but evidence for a direct contribution of the transplanted cells or their progeny in tissue repair is still lacking.
Future studies focused on improving the efficacy of MSC therapies for RA will need to look at enhancing local delivery and retention of MSCs in inflamed joints, where they can affect the local environment and perhaps better contribute, directly or indirectly, to tissue repair. Further characterizing the signaling pathways that mediate MSC-induced recovery in RA can also help us better understand how MSCs alter inflammation and the immune response in RA, which may lead to a better understanding of the immunopathology of RA and how to treat it. Another attractive therapeutic avenue that remains unexplored is combining effective systemic anticytokine treatments such as anti-TNFα with local delivery and retention of MSCs in inflamed joints where they can augment tissue repair.
Application of MSCs to the Treatment of Multiple Sclerosis
Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous system that is often diagnosed in young adulthood [24] . Characteristically, MS initially presents with transient functional deficits that affect a specific modality. The functional deficit correlates with the location of a discrete lesion within the CNS. For example, lesions in the optic nerve or optic tract result in loss of visual acuity, while damage to the spinal cord white matter results in compromised limb function. Early disease is often associated with relapses followed by periods of remission (relapsing-remitting MS). This phase of the disease is characterized by active inflammation in CNS white matter and the formation of multiple sclerotic plaques or lesions [24] . The CNS lesions in MS are characterized by a loss of oligodendrocytes and their myelin sheaths [25] . Since myelination is required for the rapid and efficient conduction of information along axons, its loss results in impaired conduction in the affected axons. Much of our mechanistic understanding of the pathobiology of MS comes from animal models. The most commonly used animal model of MS is experimental allergic encephalitis (EAE) [26] . In appropriate strains of mice, immunization with specific peptides of myelin proteins results in a CNS-directed inflammatory response. For example, immunization of C57/Bl6 mice with a peptide of myelin oligodendrocyte glycoprotein (MOG peptide containing amino acids 35-55) results in an inflammatory demyelinating disease with a chronic course. The demyelination in this model is a result of infiltration of T cells targeted against myelin and oligodendrocytes [26] . Like RA, the initial trigger of disease in MS is not well characterized, but as disease progresses, at least in EAE, there appears to be epitope spreading such that the profile of antigens recognized by pathogenic T cells expands. The spinal cord is severely affected in these animals, and they develop functional motor deficits that can be easily scored.
Classic studies by Uccelli and colleagues [27] [28] [29] demonstrated that infusion of MSCs via intravenous delivery into this animal model prior to disease onset blocked disease development and MSC infusion at the peak of disease significantly reduced disease severity. These data have been replicated by several other laboratories and provide compelling evidence that MSC transplantation can effectively modulate disease progression in EAE. However, the underlying mechanisms that contribute to the MSC-mediated reduction in disease burden are not clearly defined. One general finding is that MSC treatment modulates the immune response [27, 30] and reduces the expression of pro-inflammatory cytokines, biasing the immune response from a predominantly pro-inflammatory TH1 profile to a predominantly anti-inflammatory TH2 profile ( Fig. 1) [31•, 32] .
The efficacy of MSCs to modulate disease progression in EAE appears to be a general phenomenon that crosses species. For example, when human bone marrow-derived MSCs are injected intravenously into mice with EAE, there is rapid functional recovery that is sustained for an extended period [31•, 32, 33] . Cell tracking studies suggest that at least some of the MSCs track to the CNS where they are retained for at least a few days [32] . Whether this retention is a consequence of the low level of expression of MHC epitopes on the surface of MSCs [34] or their specific localization to the CNS behind an effective blood brain barrier is unclear. More importantly, it is unknown whether cells delivered by an intravenous pathway have to enter the CNS in order to effectively reduce disease burden in EAE. Given the relatively low number of cells found in the CNS, they must clearly have a major role in modulation of the peripheral immune response [27] . Many of the effects of MSCs in alleviating disease progression in EAE appear to be mediated by secreted factors rather than by cell-cell contact. Conditioned medium (CM) collected from human bone marrow MSCs is sufficient to reduce disease burden when injected intravenously in MOG 35-55 EAE [31•] . The route of delivery appears to be important, as intraperitoneal delivery was considerably less effective than intraventricular injection. As with cell delivery, the effects of treatment with MSC-CM are relatively long lasting suggesting that there is a physiological change in the host as a consequence of exposure to MSC-CM. The long-lasting effects raise questions in the treatment of EAE of what are the target tissues for MSC-derived factors and the nature of those factors. As discussed above, MSCs have profound effects on the immune system, and not surprisingly, MSC-CM has similar effects [31•] . Recent studies suggest, however, that MSCs and their secreted products may also directly affect neural tissue (Fig. 1 ) [31•, 35, 36] . Analysis of the generation of different neural lineages from neural stem cells treated with MSC-CM in vitro shows that treatment with MSC-CM results in an increased proportion of oligodendrocyte lineage cells and a reduction in astrocytes [31•] . Consistent with these data, MSC treatment results in reduced expression of RNA for glial fibrillary acidic protein (GFAP), a characteristic of astrocytes. One potential component of MSC-CM that appears to be important for the therapeutic efficacy of MSCs in EAE is HGF [31•] , and overexpression of HGF in the CNS results in animals that are refractory to the induction of EAE [37] .
The concept that MSCs may have a direct effect on neural cells and may promote the generation of oligodendrocytes and recovery of demyelinating lesions even in non-inflammatory models of demyelination [32, 38] raises the possibility that MSCs may be effective in treating chronic progressive multiple sclerosis. Current therapies for MS are highly effective at modulating the inflammatory attack that characterizes relapsing-remitting MS but have little or no effect on progressive MS where the level of CNS inflammation may be significantly lower but oligodendrocyte loss and demyelination are persistent. Thus, therapies like MSC infusion that could potentially target both a reduction in inflammation and an enhancement in myelin repair are an attractive candidate for the treatment of chronic progressive MS.
The application of MSC therapy to the clinical treatment of MS has moved rapidly in recent years, and there are multiple ongoing clinical trials [39] [40] [41] . Although the outcomes of the trials are not yet complete, trends are emerging. In general, MSC therapy appears safe, and there have been few reports of adverse effects [40, 41] . Although some trials have reported modest improvement, compared to the outcomes seen in animal models however, the efficacy of the MSC treatment has been somewhat disappointing [40] . A challenge has been to clearly define any meaningful improvement in patients receiving MSCs without long-term follow-up. In relapsing-remitting patients, a reduction in the number of relapses may indicate benefit, but this measure is complicated by co-treatment with other effective anti-inflammatory therapies, while in chronic MS, there are few easily measurable therapeutic outcomes other than reduction in brain atrophy or improvement in axonal transmission. In a recent proof-of-principle trial in optic neuritis, some benefit in visual acuity was detected following treatment with autologous MSCs; however, the benefit was transient [39] . Several reasons may account for the apparent lack of efficacy in the treatment of MS with MSCs. These include the source of cells, conditions of expansion, route of delivery, dosage, and characteristics of the host. The lack of a reliable biomarker that correlates with reparative capacity of distinct populations of MSCs in MS remains a major impediment to successful trials. Indeed, it is unclear whether the animal models currently used to screen MSC function such as MOG 35-55 EAE are selecting for the most effective cell populations. As the number of clinical trials testing the efficacy of MSCs in treating MS continues to increase, new insights from such work will help inform the design of new culture conditions and animal models that, in turn, will allow for more effective design of clinical trials for the treatment of chronic MS with MSCs. 
Complications of MSC Therapies
As discussed above, while MSCs have tremendous potential as a cellular therapy for chronic inflammatory diseases, the clinical trials are still at a very early stage, and it seems likely that efficacy will improve with refinement of route of delivery, dosage, and a greater understanding of the biology of MSCs. The data in a range of animal models is very encouraging, but the transition to the treatment of human disease is not simple. A variety of factors complicate patient treatment with MSCs that are simply not accounted for in animal models. These include issues of scale. The relatively small lesions generated in the CNS of mice may be vastly easier to repair than the large lesions in human white or gray matter. The response of human immune cells to MSC-derived signal may be different from that in animal models, and likewise, the response of human neural cells may be different from that in animal cells. In addition to such methodological considerations, there are other issues associated with MSC cell therapies. Given the modulation of the immune system, the changes in T cell responses, particularly alterations in the responses of circulating Treg cells, may need to be monitored. The safety and potential side effects of MSC infusion in humans also need to be better understood. For instance, whether MSC treatment suppresses the immune system to a degree that increases the risk of infection (e.g., pneumonia) needs to be assessed, as does the potential for increased incidence of tumor formation. Thus far, the data from ongoing clinical trials suggests that these potential complications are relatively minimal. If however the treatment of chronic conditions requires multiple infusions of MSCs over a protracted period of time, then the risk of adverse events clearly increases.
Conclusions
While illnesses characterized by chronic inflammation have proven difficult to control, the combined immunomodulatory and regenerative capabilities of MSCs make them a promising new candidate for the long-term treatment of inflammatory diseases including RA and MS. By better defining the molecular mechanisms by which MSCs modulate inflammation and the immune system and by better understanding the capacity of MSCs to drive endogenous tissue repair, we can better realize the potential of MSCs as novel cellular therapy for the treatment of chronic inflammation across a wide spectrum of disease.
